The supplier selection problem has been discussed in literature within the supply chain management subject and it is extremely important due to its impact on the entire supply chain configuration, strategy and performance. This work presents a decision model based on the fuzzy analytic hierarchy process method and its application in a real case of maintenance supplier selection in a large Brazilian railway operator. Eight criteria were adopted -technical capacity, financial status, relationship, operations management, security management, infrastructure, historic performance and costs -for evaluating five potential suppliers. In the case study, both first and second ranked suppliers by the method have been selected by the company for providing the services and the model was adopted as a standard procedure within the organization for contracts over US$ 300,000.
INTRODUCTION
The supplier selection is defined as the process of review, selection and evaluation of companies composing a supply chain. It is considered to be one of the most important processes of the purchasing function, due to its direct impact within the configuration and operational performance of a supply chain.
Several factors have been turning the purchasing decision more complicate: the globalization of commerce and the internet, which increases the choice possibilities for buyers; the changes in the customers preference, demanding broader and faster supplier selection processes; the public procurement regulations demanding more transparency in decision-making; and new organizational formats, which lead to the involvement of more decision agents within the selection processes (De Boer et al., 2001) .
In modern supply chain management, companies seek to keep long term partnerships with a reduced number of reliable suppliers and their selection depends more and more on other quantitative and qualitative features, beyond the cost of acquisition (Chai et al., 2013) . In this context, the development of systematic and transparent decision models is necessary for aiding the process of selecting suppliers.
Multi-criteria decision-making (MCDM) methods play an important role in this specific problem, given its effectiveness on evaluating several alternatives submitted to multiple criteria -also known as attributes or objectives -under an environment of uncertainty. These criteria are defined according to the specific objectives of each company and must be applied in a clear and concise way in the selection process, in order to promote synergy among all components of a supply chain.
To effectively handle the complexity of this problem, researches have been applying integrated approaches of MCDM along with others from different disciplines of knowledge, such as mathematical programming and artificial intelligence (Ho et al., 2010; Chai et al., 2013; Lima Junior et al., 2013) . Although the hybrid models integrating MCDM fuzzy logic hybridization has become one of the most popular methods for addressing the supplier selection problem in all sorts of industries (Chai et al., 2013) , no specific model has been proposed so far for the railway industry.
This paper proposes the application of a decision model based on the fuzzy analytic hierarchy process (fuzzy AHP) method, adapted for maintenance supplier contracting within the railway industry.
The major contributions of this paper are stated as follows: 1) applying a multi-criteria decision making model in a real-life case study of supplier selection for maintenance service within MRS Logistica, a large Brazilian railway operator;
2) defining and understanding the specific criteria applied in the railway sector, based on the preferences of experienced executives, who may be used as reference for other researchers;
3) evaluating the different outcomes of fuzzy AHP and analytic hierarchy process (AHP) methods through the adoption of a conversion of linguistic scale between both methods.
The major conclusions are as follows:
1) The results from the method were the same adopted by the company in the selection: both 1 st and 2 nd placed suppliers have been hired for service providing;
2) The most valued criteria in the process were "security management" and "cost", both known as relevant attributes in the transportation sector;
3) Different ranking orders resulted from fuzzy AHP and AHP methods -3 rd and 5 th ranked suppliers swapped places -and a considerable difference was obtained in alternative priority weights. This paper is organized in five sections. Following this Introduction, in Section 2, it is provided an analysis of recent published articles concerning the supplier selection problem in the railway sector along with the most common methods applied. In Section 3, a background of AHP, triangular fuzzy numbers and the extended analysis calculation steps are presented. Next, in Section 4, we describe the application of fuzzy AHP approach in a real-world hiring situation. Finally, Section 5 concludes this paper with some recommendations for model developments in the future.
LITERATURE REVIEW
The supply chain management shows an important competitive advantage for companies that successfully apply its concepts. One example is the case study of British Rail that, along the decades of 1980's and 1990's, changed the traditional approach of strictly competitive procurement by the development of a reduced number of suppliers, applying standards and establishing minimum performance targets to be achieved by its partners, simulating continuous improvement, quality, and innovation throughout the chain (Boyett et al., 1996) . Despite this fact, there are few case studies about MCDM models applications in the supplier selection process within the railway sector. Dulmin et Mininno (2003) first proposed the application of a model based on PROMETHEE and GAIA methods for supplier selection in a mid-sized Italian company on rail and road transport sector. More recently, Bruno et al. (2012) presented a case study of application of the AHP method in a specific component of the traction system in a leading manufacturing company of railway equipment in Italy.
Surveys pointed out that AHP and fuzzy AHP methods, proposed by Saaty (1987) and Chang (1996) , respectively, had been the most popular techniques to address the supplier selection problem so far (Ho et al., 2010; Chai et al., 2013; Lima Junior et al., 2013) . Several case studies have been published. Kahraman et al. (2003) applied the Fuzzy AHP to determine the most suitable suppliers for providing services for a white goods manufacturer; Chan et Kumar (2007) developed a model for global supplier development, considering risk factors; Cebeci (2009) proposed a fuzzy AHP model using balanced scorecard (BSC) to select a suitable enterprise resource planning (ERP) systems for the textile industry; Chamodrakas et al. (2010) incorporate a fuzzy AHP approach for supplier selection in electronic marketplaces; Killinci et Onal (2011) applied the method in a large white good manufacturer to select a supplier of one critical component in the production of washing machine units; Catak et al. (2012) applied the method for selecting the best database management system for the Turkish national identity card management project; Ayhan (2013) applied a fuzzy AHP based model in a gear motor company; and Yadav et Sharma (2015) propose a model for the automobile industry based on fuzzy AHP approach. Table 1 presents a summary of case studies of MCDM methods application within several industries found in literature so far. Based on this review, it is argued that the most common criteria applied in supplier selection models are cost, quality, relationship, financial status, and management systems, depending specifically on the nature of the sector, company and/or procurement process. Additionally, Villanueva-Ponce et al. (2015) identify the growth of a new set of green criteria adopted in supply chain management, such as environmental competencies, green product design, carbon emission management, energy consumption, green material coding, management of hazardous substances, waste management and recycling, among others.
Some authors propose the application of a type-2 fuzzy sets application along with AHP (Wang et al., 2012; Uçal Sarý et al., 2013; Cevik Onar et al. 2014; Abdullah et Najib, 2014) , while Memon et al. (2015) suggest using the grey system theory and uncertainty theory with the method, for handling fuzziness. Yet, those approaches still need evaluation for understanding whether the inherent computational complexity increase really pays off.
AHP AND FUZZY AHP
The AHP is a nonlinear framework for carrying out both deductive and inductive thinking by taking various factors into consideration to arrive at a conclusion or synthesis. AHP allows decomposing a main problem in several performance assessment levels, which considers objective or subjective attributes, concurrent or not among them. Thus, it becomes clearer for the decision-makers which is the problem and how to come to a solution. The basic steps for performing the AHP method are: 1) to decompose the problem into independent levels and sublevels, from the more general or uncertain to the more specific and concrete; 2) to construct the decision matrix from pair-wise comparison judgments and 3) to synthesize weights in all inferior levels until reaching a global priority index (Saaty, 1987) . The alternative comparisons are performed two by two by decision-makers, from a natural scale from 1 to 9. The Fuzzy AHP method replaces the traditional scale for a triangular fuzzy number scale. Therefore, it can effectively handle the fuzziness in the linguistic judgments of the decision-makers, receiving better acceptance by researchers than the original crisp method.
Triangular fuzzy numbers
A fuzzy set is a class of objects without a precisely defined criterion of membership, expressed by a function that assigns a grade of membership ranging between 0 and 1 to each object (Zadeh, 1965) . The theory plays an important role in mathematical and programming applications that have to deal with some degree of uncertainty.
A triangular fuzzy number (TFN) M is shown in Fig. 1 . A TFN can be simply denoted as a triplet (l,m,u) , where l, m, and u indicate the lower, middle and upper values that describe a fuzzy event, and l≤m≤u.
The membership function can be defined as: (1) When l=m=u, it is a non-fuzzy number by convention (Chang, 1996; Chan et Kumar, 2007) . The higher the value of (u-l) or (l-u), the greater is the fuzziness of the judgment. Fuzzy numbers are intuitively easy to use in expressing the decision-maker's qualitative assessments. A fuzzy number can be given by its corresponding left and right representation of each degree of membership (Kahraman et al., 2004; Chan et Kumar, 2007; Killinci et Onal, 2011) ( 2) where l(y) and r(y) denote the left side representation and the right side representation of a fuzzy number, respectively. The algebraic operations with fuzzy numbers can be found in Chang (1996) and Kahraman et al. (2003 Kahraman et al. ( , 2004 . Source: Kahraman et al. (2005) 
Extended analysis method on fuzzy AHP
Let the object set X={x 1 , x 2 , …, x n } and the goal set U={u 1 , u 2 , …, u m }, the m extent analysis values (Chang, 1996) for each object are obtained by the following signs: (3) where all are triangular fuzzy numbers.
The value of fuzzy synthetic with respect to th object is defined by (Kahraman et al., 2004; Killinci et Onal, 2011) (4) To obtain , the fuzzy addition operation of m extent analysis values is performed for a particular matrix, such that (5) and to obtain , it is performed the fuzzy addition operation of values such that (6) then the inverse of the vector in eq. is computed (6), such that The degree of possibility is defined as (8) and can be equivalently expressed as follows:
where is the ordinate of the highest intersection point between and . In Fig. 2 , the intersection between and can be seen. To compare and , we need both the values of and .
The degree of possibility for a convex fuzzy number to be greater than the k convex fuzzy numbers can be defined by (11) Assuming that (12) for . Then the weight vector is given by eq. (13), after normalization. (13) where W is a non-fuzzy number that represents the weights of each alternative compared to another.
CASE STUDY: APPLICATION IN SUPPLIER SELECTION WITHIN THE RAILWAY SECTOR
A large Brazilian freight railway operator company, MRS Logistica (http://www.mrs.com.br), recurrently selects suppliers for maintenance services contracts. The company is responsible for operating a 1,654 kilometers rail network presented in a region that concentrates half of the country's gross domestic product. One third of all rail cargo of the country is transported by its trains, including containers, steel, cement, bauxite, agricultural products, petroleum coke, coal and iron ore, which represents 20% of all exports.
In this particular study, the company intends to select a new supplier for providing maintenance services in all of its permanent ways, a representative contract that may represent a critical impact on its whole operation. There are several companies offering the service. A group of two specialists are responsible for assessing the suppliers, through evaluation visits, and technical and commercial proposals.
Problem modeling
Several evaluation documentation previously applied in the supplier selection processes by the company were analyzed along with the literature attributes adopted by other authors for addressing the supplier selection problem. The research pointed to a reduced list of 36 sub-attributes grouped in 8 main attributes. The proposed list was then validated by the specialists involved in the procurement process. The defined criteria are detailed as follows: The numbers of potential suppliers technically qualified by the company for providing the service was equal to 5. Fig.  3 shows the general hierarchy structure constructed for the specific problem, composed by three different levels: the goal (selection of the best supplier), the attributes (criteria) and the alternatives (suppliers).
Attributes and alternatives weight calculation
Printed questionnaires were applied in order to collect the pair-wise comparison judgments, reached by consensus with respect to each criteria and alternatives, from the perceptions and previous experiences of the executives involved in the process.
Firstly, the main attributes were compared with respect to the main goal, and then each supplier was compared with respect to each attribute. Linguistic variables were applied to represent each comparison, according to the corresponding triangular fuzzy number, shown in Table 2 . Weakly preferred (1, 3/2, 2) 5
Fairly strongly preferred (3/2, 2, 5/2) 7 Very strongly preferred (2, 5/2, 3) 9
Absolutely preferred (5/2, 3, 7/2) Source: The authors own.
The superior part of the triangular decision matrix was constructed with the corresponding fuzzy numbers of each linguistic judgment collected in the questionnaires. Table  3 shows the superior part of fuzzy evaluation matrix with respect to the goal. Table 4 and Table 5 show the superior part of fuzzy evaluation matrix with respect to the attribute "security management" and "cost", respectively. The other matrices have been omitted due to the limited space of this paper. The inferior part of the matrix is then completed with the reciprocity of each fuzzy number , given by .
The consistency ratios of each formed matrix were checked by the AHP method after converting the comparison matrix to a crisp number using the function Figure 3 . The hierarchy structure of the problem. Source: Elaborated by the authors.
Source: The authors own. 2017 , pp. 428-437 DOI: 10.14488/BJOPM.2017 .a15 (Kwong et Bai, 2003; Killinci et Onal, 2011) . The consistency ratio of each comparison matrix found was under 0.10, thus validating the judgments performed by the group.
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From the fuzzy evaluation matrix in Table 3 , the fuzzy synthetic extent values were calculated through eq. (4). The degree of possibility of over is given by eq. (9), (10). The minimum degree of possibility is calculated by eq. (12), which composes each element of the unbalanced vector W'. Finally, the normalized vector W is given by eq. (14).
The same calculations were applied to the other pair-wise comparison matrixes and the priority weights of each alternative were also calculated, and are shown in Table 6 . All operations were performed using the software GNU Octave (2016).
RESULTS AND DISCUSSION
The priority weights of the attributes and alternatives were aggregated into the final priority weights of each alternative supplier. In Table 6 , the first row shows the weight calculated for each attribute, and each sub-column represents the weight evaluation of suppliers for each attribute. The last column on the right shows the final priority of each alternative.
An alternative with a higher score over another represents a preferred supplier. Thus, the preference order of the alternatives is Supplier 4 ≥ Supplier 1 ≥ Supplier 3 ≥ Supplier 2 ≥ Supplier 5. The only attributes that were considered by the fuzzy AHP method as influencing the particular selection were security management and costs, which may reflect the major performance objectives of this particular supply chain. It must be pointed out, however, that, for different selection problems in the same company, other attributes may drag more attention.
The same data collected were applied using the classic AHP method, considering the corresponding crisp number in fundamental scale, and the results are shown in Table 7 . The preference of the alternatives has changed to Supplier 4 ≥ Supplier 1 ≥ Supplier 5 ≥ Supplier 2 ≥ Supplier 3.
The different results from both methods can be explained by the non-valued weights returns in the fuzzy AHP. Some criteria in which Supplier 5 has presented a superior performance, such as "technical capacity", "financial status" and "relationship" were not taken in account in account for the final priority weight of the alternative, since the weights for these criteria were 0.00.
The calculated weights using the traditional method are more balanced, however: no alternative or attribute scored 0.00, which contributed for lowering the difference of the fi- It should be noted that both first and second ranked suppliers in the applied methods have been actually selected by the company for providing the services. Besides, the model structure and outcomes were adopted by the specialists for defending the procurement process before the company's board of directors, making it a regular procedure for processes involving more than R$ 1 million (~ US$ 300,000).
CONCLUSIONS
A decision support model can help organizations to select more appropriate suppliers according to the specific objectives of their supply chain, breaking the complex problem in several levels of assessment. Also, it can consider the viewpoints of multi-agents and provide an easy-to-explain structure that can be used in similar processes in the future.
In this study, eight attributes were defined to evaluate five potential suppliers for providing rail track maintenance services. The fuzzy AHP approach has been adopted and the results were compared with AHP, applying a conversion scale between methods. Fuzzy numbers handle uncertainty in terms of judgments whilst input linguistic judgments are triangular probabilistic distributions. The extent analysis detaches the attributes that truly influence the problem: in this application, two out of eight criteria -"cost" and "security management" -scored weights different from 0, a result quite aligned to the major concern of the company in recent years.
The proposed model was applied to only one selection process, but it can be easily extended to other processes in other areas of the industry. The model can be extended by creating an intermediate level of sub attributes between the attributes and alternatives composed by more specific measurements units. This could not be achieved in this study, as the pair-wise comparisons would require too much judging time from the specialists -it would be necessary to construct 36 more matrixes. This can be solved by combining the fuzzy AHP method with other MDCM, such as TOPSIS. Mathematical programming can be applied for cases that supplier's capacity constraints must be taken into account.
The judgment matrixes were constructed from the data collected in printed forms and calculations performed in Octave language (2016) . Also, the model could be integrated to the company's ERP through an online application, so more transactional data could be applied and faster feedbacks received by the decision-makers. The defined problem was to select the best supplier; however, the same methodology can be developed for reviewing the firms already providing services for the company. 
